Abstract This work reports the inherent peroxidase-like properties of Ruthenium (Ru) nanoframes. After templating with Palladium (Pd) seeds, Ru nanoframes with an octahedral shape, average edge length of 6.2 nm, and thickness of 1.8 nm were synthesized in high purity ([95 %) and good uniformity. Using the oxidation of 3,3 0 ,5,5 0 -tetramethylbenzidine (TMB) by H 2 O 2 as a model catalytic reaction, the Ru frames were demonstrated to be approximately three times more active than natural peroxidases in catalyzing the formation of colored products. As compared to their natural counterparts, Ru frames have a stronger binding affinity to TMB as well as a weaker binding affinity to hydrogen peroxide during the catalysis. The Ru frames as peroxidase mimics proved to be chemically and thermally stable. This work represents the first demonstration of Ru nanostructure-based peroxidase mimics and is therefore expected to inspire future research on bio-applications of Ru nanomaterials.
Introduction
Peroxidase mimics of inorganic nanomaterials hold great potential for replacing natural peroxidases in diagnostic, sensing, and imaging applications, providing enhanced performance [1] [2] [3] [4] [5] [6] [7] [8] . Since the first demonstration of ferromagnetic nanoparticles as peroxidase mimics [9] , a vast variety of inorganic nanomaterials have been reported to show peroxidase-like properties, including nanostructures made of metal oxides [10] [11] [12] [13] [14] , noble metals [15] [16] [17] [18] [19] [20] [21] , carbon materials [22] [23] [24] , and a combination of them [25, 26] . Among them, noble-metal mimics are particularly intriguing because: (1) they are ultra-stable owing to their chemical inertness, enabling them to survive harsh environments; and (2) their surfaces can be conveniently functionalized with biomolecules by means of metal-thiolate bonding [27] , facilitating biomedical applications. While peroxidase-like properties have been demonstrated for noble-metal nanostructures of Au, Pt, Pd, Ir and their alloys [15] [16] [17] [18] [19] [20] [21] , to the best of our knowledge, there is no literature report on Ru nanostructure-based peroxidase mimics. Ru is quite unique compared to other noble metals. For example, Ru is chemically super stable and is even invulnerable to aqua regia [28] ; Ru is the only noble metal that normally takes the hexagonal close-packed (hcp) crystal structure [29] . These unique features of Ru inspired us to explore Ru nanostructure-based peroxidase mimics.
In this work, we demonstrate the peroxidase-like properties of Ru nanoframes with an octahedral shape and size \10 nm. Specifically, uniform Ru nanoframes were first synthesized using a method based on seeded growth and chemical etching [29] . The peroxidase-like activity of the frames was then demonstrated by the catalytic reactions between hydrogen peroxide and different peroxidase substrates. Using PO 4 , 99 %), tris base (99.9 %), citric acid (99 %), acetic acid (HOAc, 99.7 %), and sodium acetate (NaOAc, 99 %) were all obtained from Sigma-Aldrich. Ethylene glycol (EG) was obtained from J. T. Baker. All aqueous solutions were prepared using deionized (DI) water with a resistivity of 18.0 MX cm.
Preparation of Ru nanoframes
Ru nanoframes were prepared using our recently published procedure with minor modifications [29] . In brief, Ru was selectively deposited to the edge and corner sites of Pd truncated octahedra as the seeds, leading to the formation of Pd-Ru core-frame octahedra. The Pd cores were then removed through chemical etching, leaving Ru octahedral nanoframes as the final product. Specifically, three steps were involved in a standard synthesis:
1. Preparation of 5.6 nm Pd truncated octahedra to be used as the seeds. The Pd seeds were produced according to our previously published procedure [31] . The final Pd seeds were dispersed in 1.0 mL of EG for future use. Particle concentration for the Pd seeds was estimated to be 7.8 9 10 , and an aqueous suspension of the as-prepared Pd-Ru core-frame octahedra (0.5 mL) were mixed together in a 20-mL glass vial under magnetic stirring at room temperature for 10 min. Then, the solution was heated to 80°C in an oil bath under magnetic stirring. After 1 h, the solution was cooled down with a water bath to room temperature and the products (i.e., Ru frames) were collected by centrifugation, washed once with ethanol, twice with water, and finally re-dispersed in 0.5 mL of DI water or EG for future use.
Evaluation of the peroxidase-like activities of Ru frames
The experiments were performed at room temperature in 1.5 mL tubes. The catalytic reactions were carried out in different buffer solutions (i.e., 1.0 mL 0.2 M NaOAc/ HOAc buffer solution pH 4.0 for TMB, 1.0 mL 0.2 M Na 2 HPO 4 ? 0.1 M citric acid buffer solution pH 7.8 for DAB, and 1.0 mL Tris-HCl ? 0.15 M NaCl buffer solution pH 7.8 for OPD). Each contained *1 9 10 -11 M Ru frames, 2 M H 2 O 2 , and 0.8 mM TMB, DAB, or OPD. Control experiments were conducted under the same conditions except for the absence of Ru frames.
Kinetic assays
The steady-state kinetic assays [9, 20] were performed at room temperature (*22°C) in 1.0 mL 0.2 M NaOAc/ HOAc solution (pH 4.0). Upon the addition of substrates (TMB and H 2 O 2 ) in the buffer system containing Ru frames (1.06 9 10 -11 M), the absorbance at 653 nm of the reaction solution as a function of time were recorded using a spectrophotometer for 2 min (interval of 6 s). The initial reaction velocity (m) was derived through m = Slope Initial / (e TMB-653 nm 9 l), where Slope Initial was obtained from the first derivation of each ''absorbance vs. time'' plots, e TMB-653 nm was the molar extinction coefficient of TMB at 653 nm that equals 3.9 9 10 4 M -1 cm -1 [32] , and l is the length of cuvettes that equals 1.0 cm. The ''m versus substrate concentrations'' plots were then fitted with the 
Characterizations
Transmission electron microscope images were taken using a JEOL JEM-2010 microscope. High-resolution TEM (HRTEM) and high-angle annular dark-field scanning TEM (HAADF-STEM) images were performed using a JEOL ARM200F with STEM Cs corrector operated at 200 kV. The UV-Vis spectra of the catalytic reaction solutions were recorded using an Agilent Cary 60 UV-Vis spectrophotometer. The concentrations of Pd ions were determined using an inductively coupled plasma-optical emission spectroscopy (ICP-OES, Perkin Elmer Optima 7000DV), which could be converted to the particle concentration of Pd once the particle shape and size had been resolved through TEM imaging. pH values of solutions were measured using an Oakton pH 700 Benchtop Meter. Photographs of samples in tubes were taken using a Canon EOS Rebel T5 digital camera.
3 Results and discussion Figure 1 shows the TEM images of the Ru frames produced from a standard synthesis. As indicated by the lowmagnification TEM image (Fig. 1a) , the Ru frames were obtained with a high purity ([95 %) and good uniformity. The magnified TEM image in Fig. 1b clearly reveals the frame structure with an octahedral shape for the products. By randomly analyzing 200 individual particles, the average edge length and thickness of the Ru frames equaled 6.2 and 1.8 nm, respectively. The HRTEM and HAADF-STEM images shown in Fig. 1c and d clearly reveal the face-centered cubic (fcc) crystal structure and octahedral frame morphology for the Ru frames. The lattice spacing of Ru frame in Fig. 1c was determined to be 0.22 nm, which could be indexed to the {111} plane of face-centered cubic (fcc) Ru crystal structure. Since the Ru frames were grown from the *5.6 nm Pd seeds with a well-defined truncated octahedral shape [29] , the total amount of the frames produced from a standard synthesis should be equal to that of the initial Pd seeds, which was estimated to be 4.7 9 10 15 particles/mL based on the inductively coupled plasma-optical emission spectrometry (ICP-OES) analysis. Therefore, the particle concentration for the Ru frame suspension obtained from a standard synthesis was estimated to be 4.7 9 10 15 particles/mL or 3.9 9 10 -6 M.
This data is essential to quantitative understanding of the peroxidase-like activity of the Ru frames (see more discussions below). The peroxidase-like property of the Ru frames was demonstrated by catalyzing the oxidation of peroxidase substrates with hydrogen peroxide (H 2 O 2 ). As shown in Fig. 2 (Fig. 2b) [34]. The reaction rate was directly proportional to the particle concentration of Ru frames in the reaction solution (Fig. 2c) . In addition to TMB, the Ru frames could also rapidly catalyze the oxidation of other peroxidase substrates such as 3,3 0 -diaminobenzidine (DAB) and o-phenylenediamine (OPD) [9, 35] , yielding brown-and light orange-colored products, respectively (Fig. 2a) . These observations clearly demonstrate the peroxidase-like activity of the Ru frames.
We also evaluated the effects of various reaction conditions on the catalytic activity of the Ru frames using the oxidation of TMB by H 2 O 2 as a model reaction. We chose to focus on this reaction because its mechanism has been well understood in previous studies and TMB is less toxic compared to other substrates [34] . As shown in Fig. 3 , the catalytic efficiency of the Ru frames (1.0 9 10 -11 M in particle concentration) had a strong dependent on pH, Taken all the factors together, the optimal conditions for maximized reaction rate were found to be roughly pH 4.0, 40°C, 0.8 mM TMB, and 6.0 M H 2 O 2 . Since no significant change of catalytic efficiency for temperatures at 20-40°C (Fig. 3b) and H 2 O 2 concentrations at 2.0-8.0 M (Fig. 3d) , for simplicity, we adopted pH 4.0, room temperature (*22°C), 0.8 mM TMB, 2.0 M H 2 O 2 , and 1.0 9 10 -11 M Ru frames as the standard conditions for subsequent experiments.
To quantitatively understand the catalytic activity of the Ru frames, we determined the apparent steady-state kinetic parameters for the catalytic reaction between TMB and H 2 O 2 [34] . Basically, the initial reaction velocity was determined by quantifying the concentration of colored product (i.e., oxidized TMB with a maximum absorbance at 653 nm [34, 36] ) as a function of time with the aid of a spectrophotometer (experimental details were provided in Sect. 2). As shown in Fig. 4 , typical Michaelis-Menten curves were observed for both TMB (Fig. 4a ) and H 2 O 2 ( Fig. 4c) when the initial reaction velocities were plotted (Fig. 4b, d) . From the doublereciprocal plots, the kinetic parameters for Ru frames were determined and summarized in Table 1 . For comparison, we also determined the kinetic parameters of initial 5.6 nm Pd octahedral seeds and listed those of HRP from Ref. [9] in Table 1 . It can be seen that the catalytic efficiencies (in terms of catalytic constant, K cat , which is defined as the maximum number of chemical conversions of substrate molecules per second per catalyst [37]) of the Ru frames toward TMB and H 2 O 2 were approximately three and two times higher than those of HRP, respectively. Note that the catalytic efficiencies of Ru frames were also several times higher than initial Pd octahedral seeds (Table 1) . Since colored products are originated from TMB, it can be concluded that the Ru frames are about three times more efficient in generating a detectable color signal. The Michaelis constant K m (which measures the substrate concentration at which the reaction velocity is half of the maximum velocity, V max ) [37] toward TMB for Ru frames was seven times lower than that for HRP, implying that Ru frames had a higher affinity for TMB than HRP. In contrast, the K m toward H 2 O 2 for Ru frames was eighty-six times higher than that for HRP, suggesting a lower affinity for Ru frames in binding to H 2 O 2 as compared to HRP. To examine possible changes of crystal structure for the Ru nanoframes during the catalytic reaction, we analyzed individual frames before and after the catalysis by HRTEM. As indicated by the HRTEM images and corresponding Fourier transform patterns shown in Fig. 5 , the fcc crystal structure for Ru frames was well retained after the catalytic reaction.
Finally, we evaluated the stability for the Ru frames as peroxidase mimics. It should be noted that stability is a key parameter for a peroxidase mimic because it largely determines the durability and reproducibility of the mimic in certain applications. To test the chemical stability, we incubated Ru frames in solutions of different pH ranging from 0 to 12 for a period of 2 h prior to the measurement of their catalytic activities. As shown in Fig. 6a , the catalytic activity of the Ru frames was fairly stable even though they had been treated with strong acid or base, indicating their outstanding chemical stabilities. We also evaluated the thermal stability of Ru frames by heating them at different temperatures. As shown in Fig. 6b , their catalytic activity essentially kept unchanged after they had been heated for 2 h at temperatures up to 200°C. The observed 
Conclusions
In conclusion, we have demonstrated a new kind of peroxidase mimic-Ru nanoframes of sub-10 nm in size. The Ru frames could be produced in a high purity and good uniformity. The catalytic efficiency of the Ru frames was found to be higher than that of natural peroxidase. In addition, the frames displayed excellent chemical and thermal stabilities. This work represents the first demonstration of Ru nanostructure-based peroxidase mimics, and thus opens up a new avenue for exploring the bio-applications of Ru nanomaterials. In a, Ru frames (3.9 9 10 -8 M, in deionized water) were first incubated in solutions with pH of 0 to 12 for 2 h. Their relative catalytic activities (i.e., absorbance at 653 nm of reaction solutions at t = 5 min, standard conditions) were then measured, in which the activity at pH 4.0 was set as 100 %; In (b), Ru frames (3.9 9 10 -8 M, in ethylene glycol) were heated at temperatures of 40 to 200°C for 2 h. Their relative catalytic activities were then measured under standard conditions, in which the activity at room temperature (*22°C) was set as 100 % 24. Song Y, Qu K, Zhao C et al (2010) 
